Abstract Ordered mesoporous carbon (OMC) adsorbents have been prepared using spherical SBA-16 mesoporous silica, as a template. The synthesized materials were studied by X-ray diffraction, scanning electron microscopy and nitrogen adsorption-desorption isotherms. OMCs have been tested for adsorption of dibenzothiophene (DBT) as model sulfur compound from gasoline fuels. The OMC showed higher sulfur adsorption due to large mesopore volume and high specific surface area. The results confirm the significance of the adsorbent pore size and its surface chemistry for the adsorption of DBT from petroleum fuels. Langmuir and Freundlich isotherm models were used to fit equilibrium data for OMC. The equilibrium results were best demonstrated by the Langmuir isotherm.
Introduction
Removal of organosulfur compounds from liquid hydrocarbon fuels has become the most important responsibility of current petroleum refineries [1, 2] . Sulfur compounds are the main obstruction in reducing the air pollution without their removal from fuels [3] . Approximately, all sulfurcontaining hydrocarbons in liquid fuels are changed to sulfur-free compounds and H 2 S by catalytic hydrodesulfurization (HDS) reactions during the fuel processing. However, the HDS process is the best-known technology for desulfurization of liquid fuels. It cannot professionally remove thiophenic compounds (TC) including dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene (4,6-DMDBT), and benzothiophene (BT) [4] [5] [6] [7] [8] . Therefore, in deep HDS, the conversion of these increasingly more resistant key substituted dibenzothiophenes largely causes the required operating conditions for the production of ultra-low sulfur fuels. Intensive attempts are being made in development in the direction of designing, preparing, testing and up-scaling, effective, practical and strong deep and ultra-deep desulfurization systems, such as desulfurization catalysts and sorbents [9] . Not only catalytic HDS but also selective adsorption is often considered for the deep and ultra-deep removal of the HDS-resistant S-containing compounds from liquid fuels. Nanoscience and nanotechnology have gained considerable importance due to the needs and applications of nanomaterials in almost all areas of human endeavor. Nanomaterials are suitable candidates to fulfill requirements of high sensitivity and selectivity in solid-liquid phase extraction and removal of organosulfur compounds from liquid hydrocarbon fuels [10] . The major advantage of adsorptive desulfurization is the chemical selectivity of adsorption, in contrast to the non-selective catalytic hydrogenation used in the HDS process [11] .
Several types of adsorbent have been reported, including various types of zeolites and metal loaded zeolites, such as MCM-22 zeolite, cation exchanged Y-zeolites, heteroatom zeolites and ion-exchange zeolites of Cu(I) and Ag(I)-beta [12] [13] [14] [15] . Ordered mesoporous carbons (OMCs), among different adsorbents, such as CMK-1, CMK-3 and CMK-5 are favorable materials for adsorption of several compounds due to their unique properties, for example, high pore structure of ordered mesoporous, high thermal stability, narrow pore size distribution, large specific surface area, as well as excellent chemical and physical stabilities have attracted much attention [16] . Recently, highly selective ligand-immobilized mesoporous materials have been received great attention due to high adsorption capacity, and fast kinetic performances, and reusability for several cycles use. The mesoporous materials can be modified into nano-engineered adsorbents by functionalization of ligands for effective separation and removal of organosulfur compounds [17] . Both non-functionalized and functionalized ordered mesoporous carbons have been used for desulfurization applications, such as the mesoporous carbon, CMK-5, prepared using hexagonal Al-SBA-15 mesoporous silica template, and have been used for adsorption of DBT from petroleum fuels [18] . The mesoporous carbons supply a layer of abundant hydroxyl groups as the binding sites for immobilization of O-and N-donor ligands. Moreover, the straight channel material will facilitate for the entering and diffusion of DBT according to open active sites of the O-and N-donor atoms of the immobilized ligand [19] .
In the present study, OMC has been synthesized using SBA-16, as silica templates because of tailored porosity, high specific surface area, high stability and convenience of functionalization of the aforementioned mesostructures. We have various carbon precursors, such as furfuryl alcohol, sucrose and ethylene gas. We have used furfuryl alcohol as carbon precursors. OMC after carbonization formed hard carbon framework in the 3-D mesoporous network of the silica template. The structural order of the carbon frameworks was kept in same possession after silica template dissolution with NaOH or HF [20, 21] . The structural order and textural properties of the adsorbents have been characterized by powder X-ray diffraction (XRD), N 2 adsorption-desorption isotherms (BrunauerEmmett-Teller, BET technique), and scanning electron microscopy (SEM).
Experimental

Materials
Hydrochloric acid (HCl), sulfuric acid (H 2 SO 4 ), sodium hydroxide (NaOH), aluminum chloride (AlCl 3 ), oxalic acid (OA), sucrose, 1,3,5-trimethylbenzene (TMB), tetraethyl orthosilicate, dibenzothiophene (DBT), ethanol, furfuryl alcohol (FA), n-hexane and the toluene OMC were from E. Merck (Germany). The copolymer poly ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) surfactant (Pluronic P 123 , MW = 5,800), and Pluronic F127 (EO106PO70EO106, Sigma) as a structure-directing agent or soft template were from Aldrich. Double-distilled deionized water was used for preparation of solutions.
Instruments XRD spectra were recorded by XRD diffractometer (Philips 1830) equipped with a liquid nitrogen-cooled germanium solid-state detector using Cu-K a radiation over a range of 1°\ 2h \ 10°. The specific surface area was estimated by Nitrogen adsorption-desorption using the Brunauer-Emmett-Teller (BET) method. Scanning electron microscopy (SEM) images of adsorbents were observed using a Philips XL30 instrument after gold coating to increase their conductivity. A UV-Vis spectrophotometer (Perkin Elmer model Lambda 25) was used for determining the amount of DBT adsorbed by the adsorbents.
Synthesis of SBA-16
Two poly(alkylene oxide)-type triblock copolymers, Pluronic F 127 (EO 106 PO 70 EO 106 , Sigma) and P 123 (EO 20-PO 70 EO 20 , EO = ethylene oxide, PO = propylene oxide, MW = 5,800, Aldrich), were dissolved together in aqueous HCl solution at 313 K with stirring for 5 h. Tetraethyl orthosilicate was added to the solution at 308 K, and magnetic stirring was continued for 15 min at the same temperature. The molar composition of the mixture was as follows: P123/F127/TEOS/HCl/H 2 O = 1/2.3/621/2,727/ 89,182. This mixture was kept under static conditions in an oven for 24 h at the same temperature. Subsequently, the mixture was placed in an oven at 373 K for hydrothermal treatment for 24 h. A white precipitate was recovered by filtration and dried without washing at 373 K overnight. After that, the surfactant was removed by calcination at 823 K increasing the temperature to 823 K with a heating of 1°C/min [22] .
Synthesis of OMC
The OMC was prepared using AlSBA-16, which in turn was synthesized by adding an ethanolic solution of AlCl 3 (0.113 g in 50 mL ethanol) to 1.0 g of SBA-16 (to afford Si/Al mole ratio of 20) and ultrasonicating for 1 h. Then, the ethanol solvent was completely evaporated in a rotary evaporator and the sample was calcined at 823 K in air for 4 h [23] . For preparation of OMC, FA was dissolved in TMB in a 40/60 volume ratio and OA was added to this solution (FA:TMB:OA mole ratio of 200:185:1) containing 0.535 ml g -1 furfuryl alcohol. The resulting solution was filtrated in the pores of AlSBA-16. After complete mixing, the mixture was placed into the oven at 308 K for 1 h and then at 373 K for 1 h. The resulting sample was further heated for 2 h at 623 K. After the sample was cooled at the room temperature, 0.268 mL furfuryl alcohol was added. This sample was again heated at 373 and 623 K. The final heating (carbonization) was done at 1,173 K with the heating rate of 3.7 K min -1 . All heating treatments were performed under self-generated gas atmosphere using a quartz reactor equipped with a porous plug.
DBT adsorption studies A DBT solution (1,000 mg kg -1 ) in n-hexane was used for adsorption studies. The optimum procedure for adsorption of DBT onto OMC included adding 20 mg of the adsorbent (OMC) into 10 mL of 1,000 mg kg -1 DBT in n-hexane and stirring at 298 K for 60 min. Then, the adsorbent was separated from the solution by a filter paper and the solution was subjected to UV-Vis measurement. The measurements were performed using the UV-Vis spectrophotometer in the range of 190-500 nm. The amount adsorbed (q e ) was calculated from the following equation [24] .
where C 0 and C e are the initial and equilibrium concentrations of DBT in the bulk phase, respectively, V is the volume of the liquid phase and m is the amount of adsorbent. The amounts of DBT adsorbed onto the adsorbents at any time (q t ) were obtained from the following equation:
where C t is the bulk concentration of DBT at any time t.
Results and discussion
Materials' characterization
The structure of the OMC was studied using low angle XRD. The ending XRD model for OMC, achieved in the 2h range of 0°-10°, is presented in Fig. 1 in cooperation with SBA-16 for contrast. The mesoporous silica SBA-16 and OMC displays three well-determined peaks indexed as (110), (200) and (211), characteristics of the bodycentered 3D cubic space group I m3m [25, 26] . The angles of diffraction of OMC were still in focus, and the intensity was nearly the same as that of SBA-16. This indicates that OMC synthesized by direct method still has high-order three-dimension cubic structure as that of SBA-16. The XRD pattern of the material is almost similar to that of SBA-16 which indicates that the OMC is a true replica of the large-pore mesoporous silica SBA-16. Figure 2 shows the adsorption/desorption isotherms of nitrogen at 77 K on SBA-16, and OMC. All isotherms exhibit a type IV profile according to the BET classification. Each isotherm shows a distinct hysteresis loop, which is a characteristic of mesoporous adsorbents [27] . The properties of mesoporous sorbents are recorded in Table 1 . The specific surface area of OMC is 1,206.9 m 2 g -1 , which is higher than the specific surface area of SBA-16 (806.18 m 2 g -1 ). On the other hand, the specific pore volume of OMC is 1.722 cm 3 g -1 , which is higher than SBA-16 (1.1588 cm 3 g -1 ) [28] . The SEM image (Fig. 3) of carbon shows the presence of wellordered domains of 3D cubic mesostructure and is the best demonstration on the synthesis of well-ordered Im3m-type mesostructured carbon [29] . Adsorption studies
Comparison of desulfurization on OMC, SBA-16
To measure the adsorption capacities, the adsorption isotherm studies were performed at equilibrium conditions. The adsorption isotherms of DBT on the adsorbents are shown in Fig. 4 . These results indicate that the extent of DBT adsorption was much higher on OMC samples than on the SBA-16. The time required for adsorption equilibrium is around 40 min. The adsorption rate was related to the content of the active adsorption sites on the matrix of the adsorbent. The outcome shows that different mesoporous materials have meaningful different sulfur adsorption capacities that depend not only on the textural structure but also on the surface functional groups. The OMC exhibits high adsorption capacity than SBA-16, which is due to its larger BET surface area and bigger mesoporous volume. On the other side, the OMCs demonstrate faster adsorption rate than SBA-16 which is due to the bigger mesoporous volume. It has been recommended that the adsorption process would occur in a series of diffusion steps into the mesopores and then into the micropores. It takes longer time to reach equilibrium when the sample has a small mesoporous volume. According to these results, OMC was chosen as the suitable adsorbent for the adsorption of DBT in this study. The saturated adsorption capacity of different samples is calculated by integral calculus from breakthrough curves and listed in Table 2 [30].
Effect of initial concentration
The experiment with 0.02 g OMC in 10 ml solution (Fig. 5) shows the effect of stirring time and initial concentration on the sorption of DBT by OMC. The plots show that the adsorption of DBT increases with increase in the stirring time and reaches equilibrium earlier for solutions with lower initial concentrations. The adsorption curves are slightly increased and is continuous until it reaches saturation. The results make it clear that the DBT adsorption was fast in the initial stages of the interaction period, and afterwards it becomes slow near the equilibrium. This phenomenon was due to the fact that a large number of unfilled surface sites were available for adsorption during the initial stage, and after a period of time, the outstanding unfilled surface sites were difficult to be involved due to repulsive forces between the solute molecules on the solid and bulk phases. The high adsorption rate at the beginning of the adsorption was because the adsorption of DBT on the external surface of the adsorbent [31] . Adsorption rate depends on various parameters such as stirring rate, physical properties of adsorbent, adsorbent quantity and adsorbate properties. For all initial concentrations (500-1,500 mg/L), the amount of DBT adsorbed by the OMC increases with time and sometimes; it has continuous improvement outside when DBT is completely adsorbed from the solution. The quantity of DBT adsorbed at the equilibrium time produces the maximum adsorption capacity of the adsorbent under those activating conditions.
Effect of mass of adsorbents
The effect of the mass of mesoporous carbon in contrast with adsorbent qualities was also studied. The quantities of DBT adsorbed onto OMC are shown in Fig. 6 . The results
show that the quantity of DBT adsorbed by mesoporous carbon is improved with the increasing amount of the adsorbent.
Effect of temperature
By increasing the temperature, the adsorption of DBT on OMC is to some extent improved and the adsorption capacity increased only from 50 to 57 mg(S)/g adsorbent (Fig. 7) . This demonstrates that the temperature is less important for the desulfurization performance.
Langmuir and Freundlich isotherms
Adsorption isotherms can state the distribution of DBT molecules between the liquid and solid phases at equilibrium. The Langmuir and Freundlich isotherms are usually used to define the adsorption occurrences at the solid-liquid interface. Langmuir model occurs on concentrated sites with no interaction between adsorbate molecules. Maximum adsorption occurs when the surface is covered by a monolayer of adsorbate [32] . The Langmuir equation demonstrates the amount of DBT adsorbed and its concentration in solution is given in Eq. (3):
where q e (mg g -1 ) is the amount adsorbed at equilibrium concentration C e (mg L -1 ), q m (mg g -1 ) is the Langmuir constant representing maximum monolayer capacity and b is the Langmuir constant related to the energy of adsorption. The Freundlich relation describes multilayer sorption and can be stated as Eq. (4): 
where k f and n are the Freundlich constants related to the adsorption capacity and intensity, respectively. The isotherm data have been drawn using the Langmuir equation and depicted in Fig. 8 . The regression constants are recorded in Table 3 . The high value of correlation coefficient indicates good contract between the parameters. The same data are also fitted by the Freundlich equation and are shown in Fig. 9 and Table 3 . The value of correlation coefficients shows that the Langmuir isotherm is the most appropriate equation to describe the adsorption equilibrium of DBT on OMC.
Conclusions
In this work, a novel adsorbent has been successfully synthesized and its adsorption behavior was examined. XRD and N 2 adsorption results prove that the OMC using the hard template method is a perfect replica of its template SBA-16. Adsorption of dibenzothiophene (DBT) from fuel solution over numerous porous adsorbents such as CMK-3, SBA-15, and OMC has been studied. It is concluded that different porous materials considerably have different adsorption capacities towards sulfur removal, which depend not only on the textural structures of the porous materials but also on the surface functional groups. It was found that the amount of DBT adsorption on OMC is higher than SBA16. Equilibrium study for both adsorbents has shown experimental results to better fit the Langmuir isotherm. Overall, the results show that OMC is an efficient and promising adsorbent for separation of DBT from liquid samples. 
